'To whom reprint requests should be sent Hie endogenous synthesis of cholesterol in hepatocyte nodules, induced in male Wistar rats, by a single dose of the hepatocarcinogen diethylnitrosamine followed by a selection procedure, was investigated and was compared with that in surrounding and control tissue. In addition, the activity of enzymes related to carbohydrate metabolism (glucose-6-phosphate dehydrogenase, 6-phosphogluconate dehydrogenase, glucose-6-phosphatase and pyruvate kinase), was measured. Hepatocyte nodules showed a striking increase in their capacity for synthesizing cholesterol, in comparison to surrounding and control tissues, and an enhancement in the activity of the pentose phosphate pathway, as indicated by increased activity of ghicose-6-pbosphate dehydrogenase and of 6-phosphogluconate dehydrogenase, and a concomitant decrease of glucose-6-phosphatase. The stimulation of cholesterol synthesis and of the pentose phosphate pathway was associated with increased incorporation of labelled thymidine into DNA. These data indicate that, among other metabolic disturbances, enhancement of cholesterol synthesis and of the pentose phosphate pathway, is accompanied by an increased proliferative capacity of hepatocyte nodules.
Introduction
In a recent series of papers (1-3), Bannasch and co-workers have presented evidence that in cells where preneoplastic and neoplastic lesions have been induced in rat liver by N-nitrosomorpholine, there is a progressive shift away from glycogen metabolism towards the pentose phosphate pathway (PPP)*, and they suggested that enhancement of the PPP might occur as a response to a primary alteration of the carbohydrate metabolism leading to an excessive storage of glycogen (glycogenosis) in early preneoplastic lesions.
Glucose-6-phosphate dehydrogenase (G6PDH) is the first and the rate-limiting enzyme of the PPP, and its activity was found by these authors to be markedly increased in preneoplastic and neoplastic lesions (3) . An enhanced activity of G6PDH leads to an increased availability of NADPH, which is utilized in reductive processes, including formation of the deoxyriboses which would be needed to sustain the increased rate of proliferation of the preneoplastic cells (4) .
Biosynthesis of cholesterol is also NADPH-dependent and,
•Abbreviations: PPP, pentose phosphate pathway; G6PDH, ghicose-6-phosphate dehydrogenase; 6PGDH, 6-phosphogluconate dehydrogenase; G6PASE, glucose-6-phosphatase; PK, pyruvate kinase; DEN, diethylnitrosamine; 2-AAF, 2-acerylaminofluorene; NNM, N-nitrosornorpholine; TCA, trichloroacetic acid; PCA, perchloric acid.
therefore, the question arises as to whether an increased availability of NADPH leads to an increased synthesis of cholesterol. This question was examined in the present study, in which hepatocyte nodules were induced in rats treated according to the procedure described by Cayama et al. (5) . In their method, Over target cells are initiated by exposing the animals to a single dose of diethylnitrosamine (DEN). A synchronized proliferation and evolution of the initiated cells, to focal lesions, is then achieved by means of a 'selection pressure', consisting of 2-acetylaminofluorene (2-AAF) feeding coupled with a mitogenic stimulus. 
Materials and methods
Male Wistar rats weighing 200-250 g were maintained on a daily cycle of alternating 12-h periods of light and darkness.
The animals were divided into two groups; one group was injected i.p. with 200 mg/kg body weight of DEN (Sigma Chemical Co., St. Louis, MO) dissolved in saline; the second group received the vehicle only, and is referred to as the control group. After a 2-week recovery period, all animals were fed on a diet containing 0.03% 2-AAF, followed 1 week thereafter by a single oral dose of CCL, (2 ml/kg body weight, in corn oil). After one more week of the 2-AAF diet, the rats were switched to a basal diet and were killed 2 weeks thereafter.
Prior to harvesting nodules, all livers were perfused with 0.9% NaCl. Grossly visible nodules, dissected free of surrounding liver, were used for biochemical analysis. Nodules and surrounding liver tissue from 2 -3 animals were pooled for each analysis. All measurements were made on fresh material.
Sections of DEN-treated and control liver were fixed in formalin and stained with haemotoxylin and eosin. Some sections were also processed for gammaglutamyltranspeptidase staining (6) .
Determination of DNA synthesis 200 -300 mg of tissue from nodular, surrounding, and control liver were incubated in 5 ml of Krebs-Ringer bicarbonate buffer pH 7.4 at 37°C for 1 h with 10 iiCi of [ 25 Ci/mmol). The incubation flasks were sealed with rubber stoppers and were gassed with 95% Oj and 5% CO 2 . After incubation, the tissue samples were homogenized with 5% trichloroacetic acid (TCA) and centrifuged. The pellets were washed two times with 5% TCA, and twice with cold absolute ethanol. The final pellets were hydrolysed with 0.6 N perchloric acid (PCA) at 70"C for 60 min. Suitable hydrolysate aliquots were used to determine DNA (7), and for measurement of radioactivity.
Determination of enzyme activities 200 -300 mg from nodular, surrounding or control liver tissue were used to prepare 5% homogenates in ice-cold 0.25 M sucrose, and were centrifuged at 5°C, 9000 g, for 20 min. Enzyme activities were assayed in the supematants. G6PDH and 6PGDH were determined according to dock and McLean (8) . The formation of NADPH was recorded spectrophotometncally at 340 run at 37 °C. Enzyme activities were expressed as nmol of NADPH formed per minute per mg of protein. G6PASE was assayed as described by Nordlie and Arion (9); PK was determined by the method of Bucher and Pfleiderer (10) , in which the enzyme activity was assayed by measuring the rate of disappearance of NADH, and was expressed as nmol of NAD formed per minute per mg of protein. Proteins were determined according to Lowry et al. (11) . Determination of cholesterol synthesis Alkjuots from nodular, surrounding and control tissue (300 -400 mg) were incubated according to Rao et al. (12) in the presence of 2 mM sodium acetate containing 16.7 /iCi of [ 14 C]sodium acetate (The Radiochemtcal Centre, Amersham, UK, sp. act. 55.9 mCi/mmol). After incubation, the tissue samples were transferred to 20-ml screw-top glass tubes and were saponified for 2 h at 70°C with 5 ml of ethanol and 0.5 ml 90% KOH; sterols were then extracted with hexane. Cholesterol was precipitated as digitonkJe according to Dietscky and Wilson (13) . Suitable aliquots were taken for determination of cholesterol (14) , and radioactivity in a Beckman LS 7500 scintillation counter using as solvent Econofluor (New England Nuclear, Boston, MA).
Results
The liver of rats maintained on the 2-AAF diet, following DEN administration, showed the presence of several large nodules, which upon histological examination were similar to those described in previous studies (15) , and as expected stained positive for gamma-glutamyltranspeptidase. No nodules were seen in group 2 animals. DNA synthesis As shown in Table I , the specific activity of the DNA of hepatic nodules was almost twice that of the surrounding, or control, liver tissues, confirming previous reports of an enhanced proliferative capacity of the cells in the liver nodules (4). Enzyme activities G6PDH was about three and nine times as great in nodules than in surrounding and control liver tissues, respectively (Table II) . An increase in the activity of 6PGDH, the enzyme catalysing the second step of the PPP, was also observed in nodules when compared with surrounding and control tissues. On the other hand, the activity of G6PASE was lower in nodules, indicating thus that in these cells there is a reduced utilization of phosphorylated glucose to generate its free form. A reduction in the activity of PK, even though not statistically significant, was also observed in the hepatocyte nodules.
Cholesterol synthesis
The acetate incorporation into digitonin precipitable cholesterol of nodular, surrounding and control tissue is presented in Table  TTT , Cholesterol synthesis in liver nodules was markedly greater not only than that in control livers, but also, within the same liver, than that of tissue surrounding the nodules. It is evident, therefore, that this change, as well as those observed in the case of the above enzymes, and of [ 
Discussion
In the present study, the activities of three metabolic pathways were studied in chemical carcinogen-induced hepatocyte nodules, in the surrounding tissue.and in the liver of control rats. The results obtained show that the cells comprising the nodules have a higher proliferative capacity, and that the latter is accompanied by an increased activity of G6PDH and 6PGDH; a decreased or unchanged activity of G6PASE and PK; and an enhanced biosynthesis of cholesterol. While alterations of the carbohydrate metabolism, and an increase in DNA synthesis, were previously shown by other investigators to occur in hepatic preneoplastic lesions (1 -3), the observed increase in cholesterol synthesis was not. Furthermore, as far as we could determine this is the first instance in which the three metabolic pathways were simultaneously assessed in the same populations of nodular cells, and were compared not only with liver tissue of control rats, but also with tissue surrounding the nodules.
The results obtained in the present study show that in nodules an increase in the activity of the PPP and an increase in cholesterol synthesis occur along with enhanced proliferation. These findings raise the question of whether the metabolic alterations are characteristic of the preneoplastic lesions, or are simply an expression of the higher rate of proliferation of the cells therein. Indeed, similar metabolic alterations have been found to occur also in several other conditions of enhanced DNA synthesis and cell proliferation, such as in fetal and postnatal liver and pan- creas (16) , and during liver hyperplasia induced by the hepatic mitogen lead nitrate (17 -19) . On the other hand, Bannasch and co-workers (2) have obtained evidence that an increase in activity of the PPP is the result of an alteration in carbohydrate metabolism leading to an early hepatocellular glycogenesis which may represent a primary and specific metabolic change occurring during the evolution of initiated liver target cells to preneoplastic lesions. Were this the case, the primary change -via the resulting increase in the PPP, and in the pool of NADPH consequent to an enhanced activity of G6PDH -could serve the dual purpose of providing to the rapidly proliferating cells in the preneoplastic lesions not only the deoxyriboses needed for DNA replication, but also new cholesterol for membranogenesis.
It has been proposed by Siperstein (20) and Habenicht et al. (21) that new cholesterol synthesis, during cell proliferation, plays a direct role in initiating DNA replication via generation of mevalonic acid and metabolic derivatives thereof, and that a loss in the feedback control of cholesterogenesis would account for the autonomous growth of neoplastic cells. It has also been found recently that, in mouse lymphocytes submitted to mitogenic stimuli in vitro, cholesterol is synthesized prior to thymidine incorporation into DNA, and that specific inhibitors of cholesterol synthesis also abolish DNA synthesis when added to the lymphocyte cultures (22) . On the basis of these considerations, and of the results presented herein, we are now planning to study whether a loss in the feedback control of cholesterogenesis does occur in hepatic preneoplastic lesions. On the other hand, the present studies were not designed to investigate whether cholesterol synthesis precedes thymidine incorporation and DNA replication. It is highly doubtful, however, that it would be feasible to study this question meaningfully with hepatic nodules as, by the time the latter have reached a sufficient size to allow their isolation and separation from the surrounding tissue, any sequence in metabolic alterations would almost certainly be obliterated.
